Streptococcus pyogenes colonizes the epithelial surfaces of the nasopharynx and the skin of humans, often resulting in infection (40) . Several surface components of this bacterium have been implicated in the mechanism of adhesion to epithelial cells, including M protein (7, 8, 43, 44) , complexes of lipoteichoic acid (LTA) and M protein (2, 6, 14, 17, 33) , fibronectin-binding protein (5, 15, 16, 41) , and C polysaccharide (3) .
M protein is an a-helical coiled-coil molecule that is attached to the plasma membrane of S. pyogenes by its carboxyl terminus. The remainder of the protein traverses the cell wall and extends about 50 nm into the environment (9, 11) . The resulting fibrillar protein layer enables streptococci to evade phagocytosis in vivo (30) apparently by binding both complement factor H, which restricts C3 deposition (21) , and fibrinogen, which masks the cell surface (48) . The prominence of M protein on the streptococcal surface makes it a potential adhesin; however, its role in bacterial colonization of host cells has been highly controversial. Several investigators (7, 8, 14, 43, 44, 46) have shown that M+ strains of S. pyogenes adhere to human buccal and pharyngeal epithelial cells and to HEp-2 cells in higher numbers than M-strains. The conclusion that M protein is the major adhesin remains equivocal because the genotypes of these bacteria are not known and, consequently, other surface components (adhesins) may also be missing from M-strains. More recently, Caparon et al. (4) compared an M-protein-deficient mutant with its isogenic parental strain and found no significant differences in their abilities to adhere to human buccal and tonsillar cells in vitro. They also observed that the M+ parental strain often adhered in clumps and hypothesized that this phenomenon may enhance microcolony formation after initial attachment of bacteria to host cells. An alternative hypothesis is that M protein can complex with cardiac tissue components in Todd-Hewitt broth (39) 
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. pyogenes serotype M6 (ATCC 12348; Lancefield typing strain S43) and S. pyogenes JRS4 and JRS75 (J. R. Scott, Atlanta, Ga.) were used in this study. S. pyogenes JRS4, a streptomycin-resistant derivative of strain D471, produces a type 6 M protein (35) . JRS75 is an isogenic derivative of JRS4 in which the structural gene for M protein (emm6.1) has been replaced by aphA-3, which encodes resistance to kanamycin (32) . For adhesion assays, the bacteria were grown in a chemically defined medium (45) The monolayer with adherent bacteria was suspended in 400 [lI of 1% Triton X-100, and the radioactivity content was determined by liquid scintillation spectrometry. Bacteria were also incubated in wells containing only tissue culture medium as negative controls. This assay was also used to evaluate the effect of enzyme and alkali on adhesion activity of S. pyogenes. Enzyme pretreatments of bacteria were accomplished by incubating washed suspensions of the bacteria (8 x 108 bacteria in 2 ml of buffer) with a mixture of lysozyme (5 mg/ml) and mutanolysin (10 U/ml) for 3 h or with proteinase K (0.1%) for 2 h at 37°C. The bacteria were also pretreated with NaOH at pH 11 for 2 h at room temperature. The bacteria were then washed three times with PBS and resuspended in DMEM prior to the bacterial adhesion assay.
Enzyme immunoassay. Isolated HEp-2 membranes (2 ,ug per well) were coated on microtiter plates (96-well, U-bottom plate; Falcon) by passive adsorption overnight at 4°C. Both the control wells (without HEp-2 membranes) and HEp-2 membrane-coated wells were blocked with 1% bovine serum albumin (BSA) in DMEM (blocking buffer) for 1 h at 37°C. Alkali and mutanolysin-lysozyme extracts (0 to 5 mg) in 100 pAl of 0.1% BSA-DMEM (assay buffer) were added to triplicate microtiter wells, which were incubated for 1.5 h at room temperature. After nonadherent reactants were washed away with assay buffer, the wells were incubated with 100 ,lI of a 1:50 dilution of rabbit antiserum to S. pyogenes in assay buffer for 1 h at 37°C. Bound antibodies were detected by incubating the wells with 100 [lI of protein A-peroxidase conjugate (1 ,ug/ml in assay buffer) for 1 h at 37°C and then with 100 ,ul of 1 mg of ABTS [2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid] per ml in 0.05 M phosphate citric buffer, pH 5.0, as substrate.
After the reaction, 50 pul of 5% sodium dodecyl sulfate (SDS) was added, and the absorbance was read by using a dualwavelength filter of 405 and 540 nm and recorded automati- (Fig. 2) .
Analyses of alkali-and enzyme-treated bacteria showed that they had lost 34% ± 0.8% and 66% ± 0.9% of their adhesion activity for HEp-2 cells, respectively. To identify the streptococcal adhesin, HEp-2 cells were incubated with the above bacterial extracts, washed, and then dissolved in SDS. The extracted components were resolved by SDS-PAGE and analyzed by Western blot assay, using an antiserum to S. pyogenes (Fig. 3) . Both of these streptococcal extracts contained a 62-kDa protein that bound to HEp-2 cells and to isolated membranes (data not shown). No other streptococcal components were detected on the surface of the HEp-2 cells, although the antiserum recognized more than 20 individual bands in crude extracts (Fig. 3, lanes 1 and 3) . The 62-kDa protein was identified as M protein by its reactivity with a MAb to M6 protein (MAb 3B8) (Fig. 3, lane 6 (Fig. 4) .
Binding HEp-2 cells treated with M protein revealed randomly distributed granular deposits of M protein (Fig. 6) .
Identification HEp-2 receptors. A modified Western blot assay in which HEp-2 cells were solubilized with SDS, resolved by SDS-PAGE, and electrotransferred to nitrocellulose paper was developed. After incubation of the blot with M protein from spent culture medium or recombinant M protein, antibodies revealed that M protein was bound to two components of HEp-2 cells at 97 (major) and 205 (minor band) kDa (Fig.  7) . Other bands were not considered to be streptococcal components because they were also present in the control lane containing untreated HEp-2 cells. In a similar experiment, M6 protein did not bind to components of trypsin-treated HEp-2 Because it has been reported that LTA can complex with M protein on bacterial surfaces and modulate adhesion activity (2, 6, 37) , an experiment parallel to the one described in Fig. 7 was conducted with 3H-LTA. LTA was found to bind only to HEp-2 components at 34 and 35 kDa (Fig. 8) , indicating that M protein and LTA have different binding specificities. Although HEp-2 membranes contain fibronectin, neither M protein nor LTA was found to bind to it on gel blots. Antiserum to fibronectin did not react with any of the HEp-2 components recognized by M protein and LTA (data not shown). This observation that M protein binds independently of LTA was consistent with experiments to competitively inhibit S. pyogenes adhesion to HEp-2 cell monolayers with LTA. At 1 mg of LTA per ml, a concentration known to strongly inhibit S. pyogenes adhesion to buccal epithelial cells, there was 83% ± 0.6% adhesion to HEp-2 monolayers. BSA (1 mg/ml), another known inhibitor of LTA-mediated bacterial adhesion (2, 38) , showed no inhibitory activity (103% ± 4%) compared with untreated controls. (6-8, 14, 43, 44) .
HEp-2 cell monolayers were selected as the experimental host in this study because they offer several advantages over freshly isolated human pharyngeal and buccal epithelial cells that have been used previously by other investigators (1-4, 7, 43) . The standardized cultural conditions ensure more uniform composition of cell surfaces and can provide relatively large numbers of cells. In comparison, the surface composition of oral epithelial cells has been found to vary with different donors (36) and to be affected by changes in the diet (12) and health (36) of the donor. In addition, buccal and pharyngeal cells are already colonized by indigenous streptococci (13) and can have varying amounts of adsorbed salivary glycoproteins (18) that may modulate bacterial adhesion in vitro. We have found that incubation of monolayers of HEp-2 cells with radiolabeled streptococci provides a sensitive and highly reproducible assay system for the study of bacterial adhesion mechanisms. The incubation time needed to establish physical contact between bacteria and host cells is greatly accelerated by low-speed centrifugation for 10 min. Without centrifugation, the incubation period must be extended to at least 90 min to obtain an equivalent amount of streptococcal adhesion. Importantly, centrifugation also minimizes the possibility of degradation of host surface components by streptococcal exoenzymes and lytic toxins (4) 
